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in Both Preventing and Promoting Cancer 
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Abstract Selenium has long been known to have a role in preventing cancer, but 
only in recent years has a deficiency in this element also been shown to function in 
preventing cancer. Selenoproteins have also been shown to serve as selenium-con¬ 
taining components in cancer prevention, but we are learning that specific members 
of this protein class can also function in cancer promotion. The involvement of two 
of these selenoproteins, thioredoxin reductase 1 and the 15 kDa selenoprotein, in 
promoting cancer is examined in this chapter. 
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25.1 Introduction 

Selenium has been associated with many health benefits in humans and other mammals 
that include roles as a cancer chemopreventive agent, a preventive of heart disease, 
other cardiovascular diseases and muscle disorders, and in mammalian develop¬ 
ment, slowing the aging process, delaying the onset of AIDS in HIV-positive 
patients, and inhibiting viral expression [1,2]. The benefit of selenium in health that 
has received the most attention by far is its role in preventing cancer [1,2]. Whether 
small molecular weight selenium-containing compounds (selenocompounds) or 
selenium-containing proteins (selenoproteins), or both of these classes of agents, 
are responsible for the health benefits of this element in cancer has been the sub¬ 
ject of considerable debate in the selenium field [3-9]. Evidence supporting both 
proposals has been reported [3-12], but the emphasis of the research in this area 
appears to be shifting in favor of the role of selenoproteins (see other chapters in 
this book) of which there are 25 selenoprotein genes in humans and 24 in rodents 
[13]. There are, of course, more selenoprotein forms in humans and rodents than 
genes due to transcription variants, different start signals for initiating selenopro¬ 
tein synthesis and splicing variants in a single mRNA (e.g., human thioredoxin 
reductase 1 (TR1) has at least six known transcription variants [14] and glutathione 
reductase 4 (GPx4) has alternative transcripts with two distinct promoter regions [15]). 
In addition, multiple Sec UGA codons may occur in a single mRNA that results in 
both partial termination and partial read-through at UGA codons downstream of 
the initial selenocysteine (Sec) codon (i.e., selenoprotein P (SelP)). Partial termina¬ 
tion of SelP at the second and third Sec codons yields two truncated, likely func¬ 
tional, proteins [16]. 

Of the many selenoproteins known in mammals [8], there are at least three that 
have a split personality in that they apparently have roles in both preventing and 
promoting cancer. These selenoproteins are TR1 and the 15 kDa selenoprotein 
(Sep 15), which are described below, and glutathione peroxidase 2 (GPx2), which is 
described in Chap. 21. 


25.2 TR1 

TRl has long been recognized as one of the major antioxidant and redox regulators 
in mammalian cells [8, 13], and more recently, as an essential protein in mammalian 
development [14]. Both the selenium-containing form, wherein the selenium atom 
occurs at the active site as the amino acid, Sec, and the corresponding cysteine- 
containing form in which cysteine is inserted in place of Sec, are known. Since a 
major function of TRl is to control the redox state of thioredoxin and therefore 
protect normal and malignant cells from oxidative stress, it would seem that TRl’s 
role in both promoting and preventing cancer may be, at least in part, the same. That 
is, TRl prevents oxidative damage in normal cells by helping maintain them in a 
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healthy state, and regulates redox homeostasis in cancer cells by assisting them in 
overcoming the burdens of oxidative damage. These plausible roles of TR1 in normal 
and cancer cells are further discussed below. 

There are other activities of TR1 that provide further evidence of its role in normal 
cells as a cancer preventive agent. For example, this selenoenzyme is known to 
activate the p53 tumor suppressor and to have other tumor-suppressor activities 
[17], and is specifically targeted by carcinogenic electrophilic compounds [18, 19]. 
Thus, TR1 clearly is an anticancer protein. 

TR1 also has roles in promoting cancer. This selenoenzyme has been shown by 
several investigators to be overexpressed in many cancer cell lines and cancers 
[20-23]. In addition, cancer-related properties of malignant cells have been shown 
to be altered by specifically targeting and inhibiting TR1 activity by using a variety 
of anticancer drugs and potent inhibitors [20-25]. Furthermore, rendering cancer 
cells TR1 deficient has been shown to reverse several of the cancer characteristics 
[26, 27]. Thus, TR1 clearly is a procancer protein. 

A major focus of our laboratories over the past several years has been to elucidate 
the underlying cellular mechanisms of how TR1 can have a role in preventing cancer 
and then switch its function to one of promoting cancer [26-28] . We initially targeted 
the removal of TR1 in a mouse lung cancer cell line, designated LLC1 [26]. More 
than 90% of TR1 expression was lost in LLC1 cells carrying the knockdown vector 
compared to control cells carrying the same vector except that it lacked the targeting 
sequence (Fig. 25.1 al). As a result, the morphology, expression of two cancer-related 
mRNAs, Hfg and Opnl , anchorage-independent growth and other of the cells’ malig¬ 
nant properties were altered to become more similar to those of normal cells follow¬ 
ing the downregulation of TR1 expression [26]. Injection of TR1-deficient LLC1 
cells into wild type, genetically compatible mice resulted in a dramatic reduction in 
tumor development in mice injected subcutaneously (Fig. 25.1 a2) or in lung metas¬ 
tasis in mice injected in the tail vein (Fig. 25.1 bl) compared to wild-type mice 
injected with the control vector. Tumors arising in the flank were much smaller in 
size than the corresponding tumors that developed in mice injected with the control 
vector. Most importantly, the smaller tumors in mice injected with the TR1 knock¬ 
down vector had lost the vector (Fig. 25.1 a3) demonstrating that tumor develop¬ 
ment caused by LLC1 cells is dependent on TR1 expression. Pathological analysis 
of lungs of mice injected with TR1-deficient cells had no detectable pathological 
changes, while those injected with the control TR1-sufficient cells showed exten¬ 
sive malignant alterations (Fig. 25.1 b2). 

The above studies demonstrate a direct dependency of the malignancy process 
on an enriched TR1 expression in LLC1 cells. They do not, however, show the 
underlying mechanism(s) of how TR1 is responsible for promoting and/or sustain¬ 
ing this process. One major drawback in pursuing an elucidation of TRl’s role in 
this process is that LLC1 cells do not have a parental, normal cell line for comparison. 
We therefore undertook a study of the knockdown of TR1 in DT cells, which repre¬ 
sent an oncogenic k-ras cell line derived from parental, normal NIH 3T3 cells [27]. 
Interestingly, the morphological changes that resulted in DT cells following the 
targeted removal of TR1 were more characteristic of the parental NIH 3T3 cells than 
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Fig. 25.1 Tumorigenicity and metastasis of TR1-deficient LLC1 cells. In (al) western blot analy¬ 
sis of TR1 in LLC1 cells encoding the control or TR1 knockdown construct is shown. TR1 was 
more than 90% removed in knockdown cells. In (a2) tumors removed from mice that had been 
injected subcutaneously with LLC1 cells expressing either the control or TR1 knockdown con¬ 
struct are shown. Tumor size was much larger in mice injected with the control vector. In (a3) 
western blot analysis of TR1 levels that were present in the two tumors from a2 ( upper panel ) and 
PCR analysis of genomic DNA isolated from these tumors ( lower panel) are shown. TR1 is present 
in the smaller tumor {upper panel) as the TR1 knockdown vector is lost in the tumor from mice 
injected with the knockdown vector {lower panel). The data clearly show that both tumors express 
TR1 and that the knockdown vector is lost in the smaller tumor that resumes TR1 expression; and 
most importantly, that TR1 expression is essential for tumor growth. In (bl) tumor formation as a 
result of metastasis in the lung of the mouse injected with cells encoding the control vector and the 
normal appearing lung from the mouse injected with cells encoding the TR1 knockdown vector are 
shown. In (b2) tissue slices are shown from the lungs in (bl) that were analyzed for pathological 
changes; and the lung from the mouse injected with control vector manifested severe pathological 
abnormalities while the lung from the mouse injected with the knockdown vector appeared normal. 
See [26] for details. The figure was taken from [26] and modified slightly as shown here with 
permission from the Journal of Biological Chemistry. In the figure, shTRl designates small hairpin 
RNA directed towards knocking down TR1 expression 


DT cells transfected with the control vector. Compared to the TR1 overexpressing 
DT control cells, the corresponding TR1-deficient cells were found to have (i) lost 
their self-sufficiency growth properties, (ii) a defective progression in the S growth 
phase, and (iii) a decreased expression of DNA polymerase a, which is important in 
DNA replication [27]. Studies using DT TR1-deficient and sufficient cells and the 
corresponding parental (normal) NIH 3T3 cells, have provided considerable insight 
into the direct role of this selenoenzyme in many of the requirements governing the 
malignancy process and suggest possible novel avenues for inhibiting cancer. 
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25.3 Sepl5 

Sep 15 was originally reported in 1998 as a 15 kDa selenium-containing protein in 
human T cells [29] and was subsequently shown to occur in a complex with UDP- 
glucose:glycoprotein glucosyltransferase (UGTR) [30]. UGTR is localized in the 
endoplasmic reticulum in mammalian cells and is involved in the quality control of 
protein folding [31]. The gene for Sepl5 resides on chromosome lp31 and contains 
five exons and four introns [32]. Recent studies on Sep 15 have provided various 
insights into its structure and possible function. NMR structural analysis of Sep 15 
suggests a role in the reduction or isomerization of disulfide bonds of glycoprotein 
substrates of UGTR [32]. 

There are numerous lines of evidence suggesting that Sep 15 has a role in cancer 
prevention. For example, earlier studies had shown that Sep 15 exhibits redox prop¬ 
erties [32], is structurally similar to the thioredoxin superfamily [33], belongs to the 
class of thioldisulfide oxidoreductase-like selenoproteins [33], and its gene exists 
on a chromosomal locus that is often deleted or mutated in human cancers [32, 34]. 
The highest levels of Sep 15 expression were reported to occur in human and mouse 
liver, brain, testes, and prostate, but these levels were found to be reduced in hepa- 
tocarcinoma, lung cancer, and a prostate cancer cell line [32]. Furthermore, two 
polymorphic sites were found in sepl5 at nucleotide positions 811 (C/T) and 1125 
(A/G) in the 3'UTR, and the latter polymorphism resides in the Sec Insertion 
Sequence (SECIS) element [29]. Interestingly, these two polymorphisms show 
different responses to selenium supplementation with regard to the efficiency of Sec 
incorporation into the growing polypeptide chain of Sep 15 during translation [35]. 
Differences in frequencies of these two alleles were found to be associated with 
breast or head and neck tumors within African Americans and among different ethnic 
groups [36]. Recently, the A/T polymorphism in sepl5 was correlated with an 
increased risk of rectal cancer in Korean men [36]. 

There are additional studies that also suggest a role of Sep 15 in cancer prevention. 
Malignant mesothelioma cells that were found to be sensitive to selenite toxicity 
have decreased Sep 15 expression and further downregulating this protein by target¬ 
ing its knockdown demonstrated that the cells were less sensitive to selenite [37]. In 
addition, this malignant cell line containing the A 1125 polymorphic allele was also less 
sensitive to the effects of selenite than the corresponding cell line carrying the G 1125 
allele [38]. An increase in lung cancer risk was observed among smokers encoding a 
GG 1125 or GA 1125 genotype compared to those carrying an AA 1125 genotype [38]. 

Many of the above studies suggest a role of Sep 15 in cancer protection. However, 
other studies suggest a role of Sep 15 in cancer promotion. The National Cancer 
Institute maintains a Developmental Therapeutics Program Database (http://dtp.nci. 
nih.gov/mtweb/targetdata) that screened 60 human tumor cell lines for molecular 
targets. An analysis of the data on these cells lines revealed an increase in Sep 15 
expression in colon cancer cell lines relative to other selenoproteins and to other 
cancers. These observations suggest that, by analogy to many other malignant cells, 
wherein TR1 is overexpressed and is used as a target for cancer therapy, Sep 15 
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Fig. 25.2 Tumorigenicity and metastasis of Sep 15-deficient CT26 cells. In (a) the weights of 
tumors removed from mice fed selenium-deficient (0 ppm selenium in the feed), selenium-adequate 
(0.1 ppm selenium) and selenium-enriched diets (2.0 ppm selenium) that were injected in the flank 
with the control or Sep 15 knockdown vector are shown. Mice maintained on the selenium- 
deficient diet clearly had larger tumors. In (b) quantitative RT-PCR analysis of Sep 15 mRNA from 
tumors of mice injected with control or Sep 15 knockdown vector (left two bars ) and mRNA from 
control and Sep 15 deficient cells (right two bars ) are shown. The amount of Sep 15 knockdown 
vector relative to the amount of control vector is proportionally much higher in tumors formed in 
the flanks of mice than in Sep 15 control and deficient cells. In (c) tumor formation as a result of 
metastasis in lungs of mice injected with control or Sep 15-deficient cells. The tumors are shown in 
white on the surface of the lungs as a result of the black ink stain used for injection [39]. In (d) 
tumors on the surfaces of the lungs were counted and lungs with >250 lesions were designated as 
250. The data are from three independent experiments. See [39] for details. The figure was repro¬ 
duced from [39] with the permission of Cancer Prevention Research. In the figure, shSepl5 desig¬ 
nates small hairpin Sep 15 RNA directed towards knocking down Sep 15 and s.c. designates 
subcutaneous 


might be a target for cancer therapy in colon cancer cells. We therefore undertook a 
study to evaluate the role of Sep 15 in colon cancer. Sep 15 mRNA was targeted for 
removal in a mouse colon cancer cell line, CT26, that had elevated Sep 15 levels [39]. 
The resulting Sep 15-deficient cells had a reduced growth rate and their ability to 
grow in soft agar was also reduced. Injection of the CT26 cells encoding the Sep 15 
knockdown vector into wild type, genetically compatible mice maintained on sele¬ 
nium-deficient, selenium-sufficient, or selenium-supplemented diets resulted in a 
large reduction in tumor number and size in mice injected subcutaneously com¬ 
pared to mice injected identically, but with control cells (i.e., those encoding the 
control vector). Fourteen of 15 mice injected with control cells developed tumors 
and the tumor size varied depending on the selenium level in the diet (Fig. 25.2a). 
Only one tumor was observed in mice injected with the Sep 15 knockdown vector, 
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and an examination of this tumor for the presence of the knockdown vector showed 
that it had been lost (Fig. 25.2b). Similar to the experiments carried out with the 
knockdown of TR1 in LLC1 cells described above, wherein tumor development 
was found to be dependent on TR1 expression, it also appeared that tumor develop¬ 
ment in the CT26 cells was dependent on Sep 15 expression [39]. The Sep 15 defi¬ 
cient, CT26 cell line also manifested a dramatically reduced metastatic ability in 
forming tumors in the lungs of mice compared to control cells when the two cell 
lines were injected into mice intravenously (Fig. 25.2c, d) [39]. 

To elucidate the possible means of how Sep 15-deficient CT26 cells can have 
such pronounced effects on colon cancer cell growth, anchorage-independent cell 
growth in soft agar, tumorigenicity and metastasis, these Sep 15 knockdown cells 
were compared to the corresponding Sepl5-expressing CT26 cells using microar¬ 
ray analysis [39]. Those genes that were the most significantly up- or downregulated 
indicated primarily biological functions related to cancer, and cellular growth and 
proliferation as the main molecular and cellular functions affected. The gene with 
the highest upregulation (13.5-fold increase in Sep 15-deficient cells) encoded for 
the cyclin B1-interacting protein 1, which was subsequently validated using real¬ 
time RT-PCR. Fluorescence-activated cell sorting analysis confirmed the G 2 -M cell 
arrest in Sep 15-deficient cells suggested by microarray analysis. It appeared that 
Sep 15 loss resulted in reversal of the original cancer phenotype of the murine colon 
cancer cells that was mediated, at least in part, by upregulation of cell cycle-related 
genes, and likely resulting in subsequent G 2 -M cell cycle arrest. 

Currently, we are investigating the effects of Sep 15 loss in colon cancer in vivo, 
quantitating chemically induced aberrant crypt foci development in colonic epithelia 
of Sep 15 knockout mice. Preliminary results indicate that lack of Sep 15 is protective 
against formation of aberrant crypt foci (PA Tsuji, BA Carlson, S Naranjo-Suarez, 
M-H Yoo, X-M Xu, DE Fomenko, VN Gladyshev, DL Hatfield, CD Davis, sub¬ 
mitted for publication). Furthermore, a cytokine-regulated GTPase was highly 
upregulated in Sep 15 knockout animals and its possible link to Sep 15 is being eluci¬ 
dated further. 


25.4 Conclusions and Other Roles of Selenium 
in the Cancer Process 

It is most interesting that the malignancy of a lung cancer mouse cell line, LLC1, 
appeared to be dependent on TR1 expression, and similarly, a mouse colon cancer 
cell line, CT26, appeared to be dependent on Sep 15 expression. If, indeed, these cell 
lines are being driven by two different selenoproteins, which also have been shown 
to have roles in cancer prevention, a question arises as to how TR1 and Sep 15 can 
have such overall opposing roles in their behavior. One seemingly plausible expla¬ 
nation is that their roles in cancer and normal cells are much the same in that they 
help maintain a balanced redox system. However, the burdens of oxidative stress are 
most certainly far greater, and the metabolic demands far broader, in maintaining an 
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efficient redox system in cancer cells than in normal cells. Hence, the higher levels 
of expression of these two selenoproteins in their respective malignant cell lines are 
likely a reflection of greater demands for the services of these two selenoproteins 
that may include expanded roles in cancer. In support of such a proposal, we have 
recently shown that TR1 assumes new roles that appear to be in large part indepen¬ 
dent of its known role in reducing thioredoxin in DT cells suffering from selenite 
toxicity as compared to the parental, NIH 3T3 cell line or to DT cells not exposed 
to selenite (R Tobe, M-H Yoo, N Fradejas Villar, BA Carlson, S Calvo, VN 
Gladyshev, DL Hatfield, submitted for publication). 

To our knowledge, there are only two studies showing that selenium deficiency 
can also play a role in cancer prevention. The progression of peritoneal plasmacy¬ 
toma (PCT) in mice was found to be dependent on chronic peritoneal inflammation 
following injection with pristane [40]. Interestingly, virtually no PCT occurred in 
selenium-deficient mice injected with pristine, whereas about 40% of the mice fed 
selenium-adequate diets developed PCT. In another study, liver tumor formation 
was inhibited in TGFa/c-Myc transgenic mice, which are well known to develop 
hepatomas [41], maintained on a selenium-deficient diet compared to mice main¬ 
tained on the same diet but supplemented with 0.1 or 0.4 ppm selenium [42]. These 
studies are surprising, as are those showing that specific selenoproteins have roles 
in promoting cancer, in that selenium has long been heralded as a cancer preventive. 
It is of further interest that the latter study involving TGFa/c-Myc transgenic mice 
also demonstrated that mice fed a diet supplemented with 2.25 ppm selenium 
appeared to be protected from liver cancer compared to mice maintained on the 
other two selenium diets. This study showed that a selenium-deficient and a highly 
enriched selenium diet reduced liver tumor formation. Very importantly, these studies 
reveal the complexities and the consequences involved in an imbalance of the sele¬ 
nium population (and selenium, small molecular weight selenocompounds and/or 
selenoproteins may be involved) on the resulting affected cells. They also provide 
clear illustrations of how insufficient our knowledge is regarding the biology of 
selenium. Furthermore, the studies discussed in this chapter suggest how extremely 
important it is not to pursue human clinical trials involving selenium until we learn 
far more about the underlying selenium metabolic pathways and how they act in 
promoting as well as preventing cancer. 
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